Femtosecond time-resolved Raman rotational coherence spectroscopy (RCS) is employed to determine accurate rotational, vibration-rotation coupling constants and centrifugal distortion constants of cyclopentane (C 5 H 10 ). Its lowest-frequency vibration is a pseudorotating ring deformation that interconverts 10 permutationally distinct but energetically degenerate "Twist" minima interspersed by 10 "Bent" conformers. While the individual Twist and Bent structures are polar asymmetric tops, the pseudorotation is fast on the time scale of external rotation, rendering cyclopentane a fluxionally nonpolar symmetric-top molecule. The pseudorotational level pattern corresponds to a one-dimensional internal rotor with a pseudorotation constant B ps ∼ 2.8 cm −1 . The pseudorotational levels are significantly populated up to l = ±13 at 298 K, < 10% of the molecules are in the l = 0 level. The next higher vibration is the "radial" ν 23 ring-deformation mode at 273 cm −1 , which is far above the pseudorotational fundamental. Fs Raman RCS measurements were performed in a gas cell at T = 293K and in a * To whom correspondence should be addressed 1 source: https://doi.org/10.7892/boris.75044 | downloaded: 13.3.2017
pulsed supersonic jet at T ∼ 90 K. The jet cooling reduces the pseudorotational distribution to l < ±8 and eliminates the population of ν 23 , allowing to determine the rotational constant as A 0 = B 0 = 6484.930(11) MHz. This value is ∼ 300 times more precise than the previous value. The fit of the RCS transients reveals that the rotation-pseudorotation coupling constant α B e,ps = −0.00070 (1) MHz is diminutive, implying that excitation of the pseudorotation has virtually no effect on the B 0 rotational constant of cyclopentane. The smallness of α B e,ps can be realized when comparing to the vibration-rotation coupling constant of the ν 23 vibration, α B e,23 = −9.547 (1) MHz, which is about 10 4 times larger.
that lie at intervals of 36 • along ϕ. These ten Bn ± forms are interspersed by 10 distinct Twist but degenerate conformers denoted T4 + , T5 − , Tn ± etc., which are shifted by ϕ = ±18 • relative to the Bent configurations. The energy difference and the barrier(s) between the Twist and Bent stationary points are so small, V 10 = 0.1 − 2 cm −1 , 6-8 that cyclopentane is free to pseudorotate over all 20
conformations, in accordance with the original Pitzer model. [3] [4] [5] [6] [7] [8] Harris et al. showed that the puckering/twisting Hamiltonian based on the coordinate in eqn. (1) can be transformed to polar coordinates {R, ϕ}. 4 The two-dimensional potential energy surface (PES) is trough-like, as shown in Figure 3 . The cyclic pseudorotation coordinate ϕ = 0...2π that interconverts the Bent and Twist isomers extends along the bottom of the trough. [4] [5] [6] [7] [8] The "radial" coordinate R in Figure 3 corresponds to a twisting vibration that planarizes both the Bent and Twist conformers. The planar D 5h form shown in Figure 1 (a) lies at the R = 0 saddle point in Figure 3 . 4, 5 Near the minimum of the trough at R min , the radial coordinate R corresponds to the ν 23 normal mode, which is the lowest-frequency "true" vibration of the Bent and Twist isomers.
For a zero barrier between the Bent and Twist forms (V 10 = 0 in Figure 2 ), the radial and angular parts of the Hamiltonian are exactly separable. The pseudorotation energy levels become those of a one-dimensional free internal rotor with rotational quantum number l = 0, ±1, ±2, ... and with the internal-rotation energy E l = B ps · l 2 . B ps is the pseudorotational constant that takes into account the reduced moment of inertia of the out-of-plane pseudorotational motion. The pseudorotation levels and wave functions for l = 0, ±1, ±2 are shown in Figure 2 using B ps ∼ 2.8 cm −1 . 6, 7, 9 As shown in Figure 2 the V 10 barrier is considerably smaller than B ps , so the potential energy modulation along ϕ can be neglected. 6, 7, 9 On the other hand, B ps is much smaller than k B T at room-temperature, so many pseudorotational energy levels are thermally populated (see below), giving rise to the anomalously large vibrational entropy contribution. [1] [2] [3] Mills derived infrared (IR) and Raman selection rules for cyclopentane using the molecular symmetry (MS) group D 5h , assuming free pseudorotation and a high potential hump at the D 5h /(R = 0) conformation in Figure 3 . 9 In a pioneering high-resolution Raman scattering experiment in 1963, Tanner and Weber determined the symmetric-top rotational constants B 0 = 6475(±3) MHz for cyclopentane and 4827(±4) MHz for d 5 -cyclopentane. 10 The rotational Raman signal of cyclopentane is small because of its relatively small polarizability anisotropy, and Tanner and Weber had to conduct their gas-cell experiments at p = 1 atmosphere and T ∼ 328 K to obtain a useful Raman signal. 10 Durig and Wertz analyzed a number of sharp Q-branches associated with the 1460 cm −1 IR band of cyclopentane and identified these as pseudorotational sequence bands. 6 From their analysis of the pseudorotational constant they estimated an average out-of-plane amplitude of the C atoms as q e = 0.48 Å. 6 Rotational coherence spectroscopy (RCS) is a time-domain spectroscopic method, 12-14 which, unlike microwave and millimeter-wave spectroscopic methods, 15,16 can also be applied to nonpolar molecules. 17- 33 We have shown for several nonpolar linear and symmetric tops such as CS 2 , cyclopropane to cyclohexane, cyclooctatetraene, 1,3,5-trifluorobenzene and hexafluorobenzene that the rotational constants can be determined with a relative accuracy of ∼ 10 −6 if the RCS signal contributions from low-lying thermally populated excited vibrations are taken into account. [27] [28] [29] [30] [31] [32] [33] [34] We have also determined semiexperimental equilibrium (r e ) C-C and C-F bond lengths in the above molecules.
For cyclopentane with its large number of low-energy pseudorotational levels, the temperature effects on the rotational Raman RCS signal are enormous. Cooling the sample in a supersonic jet strongly reduces the vibrational and rotational temperatures, and the comparison with roomtemperature RCS spectra 33, 34 allowing one to observe the coupling of the pseudorotational and the ν 23 radial vibrations to the rotational constants. The adiabatic jet expansion also increases the time between collisions beyond the experimental time scale of ∼ 5 ns, effectively eliminating the Jand M J -dephasing collisions that lead to a loss of RCS signal. 17,18,23,35
Methods
The experimental setup for recording femtosecond rotational Raman rotational coherence transients in a gas cell [29] [30] [31] and its extension to a pulsed supersonic-jet source have been described earlier. 33 The experimental setup is shown in Figure 4 , details are given in the Supporting Information. Similar to our previous RCS work on cyclohexane, 32 Correlated ab initio calculations were performed with the MP2 and CCSD(T) methods using
Dunning's cc-pVDZ and cc-pVTZ basis sets; all electrons were correlated. The cyclopentane geometries were optimized with analytic gradient methods. Harmonic and cubic force fields were computed using analytical second derivative techniques. 36 The symmetries of the Bent (C s ), Twist (C 2 ) and of the D 5h planar structures were Z-matrix defined; symmetry was continuously enforced during the geometry optimization. For the Cartesian coordinates of the Bent and Twist CCSD(T)/cc-pVTZ optimized structures, see the Supporting Information. All calculations were carried out using the CFOUR program package. 37 3 Degenerate four-wave mixing theory and RCS signal analysis
Modeling the degenerate four-wave mixing signal
The theory and simulation of fs rotational Raman RCS transients detected by degenerate fourwave mixing (DFWM) has been previously given. 31 Briefly, three laser beams of equal intensity and polarization are focused into the Raman-active medium using a folded Boxcar arrangement.
After a time lag t, the anisotropy, which is induced at time t = 0 by the pump and dump pulses (with electric fields E 1 ,E 2 ), is probed via the probe pulse (E 3 ). For off-resonant excitation, the time-dependent degenerate four-wave mixing (DFWM) signal intensity is given by:
Prior to each RCS experiment the experimental apparatus function G(t) is measured via the zero time Kerr-peak of Ar gas. The stimulated Raman response of the medium to the three laser pulses is described by the third-order susceptibility χ (3) (t), which can be modeled for t > 0 as:
where C is a proportionality constant, b J,K,v is an amplitude coefficient that includes the rotational and vibrational level population factors, the rotational (g J,K ) and vibrational (g v ) degeneracies, nuclear-spin statistics and the rotational Raman intensity coefficients for anisotropic Raman scattering (Placzek-Teller factors). [38] [39] [40] [41] b
The ∆ω J,K,v in eqn. is delocalized over all 20 stationary points, see Figure 2 , which renders cyclopentane an effective symmetric-top molecule. Therefore, the rotational energy levels and Raman frequencies 
The rotational constants
where B e is the equilibrium rotational constant, α B e,i are the vibration-rotation interaction constants associated with each vibration, v i is the quantum number of the i-th vibration and d i = 1 or 2 is the vibrational degeneracy. The rotational constant C v and the centrifugal distortion constant D K,v cancel for rotational Raman transitions and cannot be determined experimentally; they are taken from the CCSD(T)/cc-pVXZ calculations.
In the gas-cell measurement, collisions that change the phase of χ (3) (t) destroy the rotational coherence of the sample with increasing delay time t. We model these effects by modifying eqn. (3) according to the energy gap law for collision-induced rotational energy transfer (RET): 43, 44 
where a denotes the probability of a collision per time unit, b the probability of an energy transfer per energy unit induced by a collision, and E JK J ′ K ′ is the rotational energy spacing. In this work both a and b are fit parameters.
Results and Discussion

Raman RCS jet measurements, fitting and rotational constants of C 5 H 10
The experimental RCS transients of jet-cooled cyclopentane are shown in Figure 5 from recurrence #17 to recurrence #34.5 and in 6 from recurrence #34 to recurrence #51.5; note that the recurrences are normalized to the same maximum height. The peak signal actually decreases slowly with increasing delay time t because of the slight spreading of the later recurrences due to centrifugal distortion effects, i.e., the low-J levels contribute more strongly to the early part of the recurrence and the high-J levels to the later part. 32, 33 This is seen especially clearly when comparing the half-integer recurrences, e.g., recurrence #17.5 in Figure 5 with #51.5 in Figure 6 .
In contrast to the integer recurrences, which contain interfering contributions from ∆J = +1 as well as ∆J = +2 transitions, the half-integer recurrences involve only ∆J = +2 rotational Raman transitions. 14 Their maximum height is typically 40 − 45 % of the neighboring integer recurrences.
For the supersonic-jet measurements we originally defined independent rotational, vibrational and pseudorotational Boltzmann distributions allowing different effective temperatures, but the fitted rotational, pseudorotational and vibrational temperatures were found to agree closely, T rot = T vib = T ps = 89 ± 3 K. Although these temperatures might seem high, note that we need to work close to the supersonic-jet nozzle at x/D ∼ 5, see section 2. The T rot for cyclopentane is similar to the T rot = 80 ± 3K for cyclohexane in a He expansion 33 and considerably lower than the T rot = 130 ± 5K recently determined for para-difluorobenzene in an Ar expansion. 45 Table 1 lists the calculated pseudorotational and radial vibrational level populations of cyclopentane at the experimental temperatures T = 90 K and 295 K. Table 1 shows that at T = 90 K the ν 23 (r = 1) and its associated pseudorotational levels contribute < 1% to the vibrational popu- Table 1 shows that the population of the pseudorotational and radial levels increases strongly at 293 K. As the number of associated Raman transitions and the spread in Raman transition frequencies increase, the temporal modulations within the recurrences become much more rapid. This is clearly observed when comparing Figure 7 with is needed for the gas-cell fit) the two parameter sets were fitted until they were mutually consistent.
Sections of three and a half consecutive recurrences were recorded three times. These were collated into series of 2 half and 2 full recurrences, giving 17 sections over the range from recurrence #13 to #34.5. As described before each of the n = 17 sections were fitted; the corresponding results are listed in the lower part of Table 2 .
Discussion
The supersonic cooling to T ∼ 90 K allows one to determine the ground-state rotational constant as B 0 = 6484.93 ± 0.01 MHz (1σ error estimate), corresponding to a relative accuracy of 2 · 10 −6 .
Our B 0 is about 300 times more accurate than the B 0 = 6475 ± 3 MHz measured by Tanner and
Weber in their pioneering cw resolution Raman scattering experiment in 1963. 10 The two values differ by only 0.15%, attesting to the high accuracy of those early experiments. 10 We ascribe the difference to the higher temperature and pressure (p = 1 atmosphere and T ∼ 328 K) in the experiments of Tanner and Weber, which was necessary because of the weak rotational Raman scattering of cyclopentane. 10
The influence of the pseudorotational motion on the rotational constant is described by the vibration-rotation coupling parameters α B e,i in eqn. 6. These corrections are calculated at the second-order perturbation theoretical (PT2) level implemented in CFOUR. 37 The CCSDT/cc-pVTZ calculated pseudorotation-rotation coupling constants are α B ps = −0.937 MHz for the Bent conformer and −0.538 MHz for the Twist conformer, see Table 2 . These are ∼ 10 times smaller that the calculated and the experimentally observed vibration-rotation α B e,i values for the lowfrequency vibrations of cyclobutane and cyclohexane, which are of the order of 3−10 MHz. 28, 29, 32, 33 However, the experimental pseudorotation-rotation coupling constant of cyclopentane α B ps is only −0.00070 MHz! This implies that excitation of the pseudorotational motion has virtually no effect on the A 0 = B 0 rotational constant of cyclopentane. That the experimental α B ps differs by a factor of ∼ 1000 from the calculated value is not so surprising, since PT2 is not appropriate for such a large-amplitude motion.
Tanner and Weber analyzed their B 0 rotational constants based on the assumption that cyclopentane possesses D 5h symmetry in its equilibrium configuration (although they also mentioned "a slight aplanarity of the carbon ring") and deduced an equilibrium C-C bond length r e (C-C)= 1.537(2) Å. 10 Later work has made it clear that the D 5h symmetric planar structure of cyclopentane is in fact a high-energy form of little physical significance: Table 3 shows that the CCSD(T)/cc-pVTZ energy of the D 5h -symmetric stationary point is 2100 cm −1 above the Twist In the second step, we consider the effect of the rapid pseudorotational averaging, but assuming that the Bent structure is averaged only over its 10 equivalent (permutationally distinct) B ± n forms.
This averages the rotational constants A 0 (B ± n ) and B 0 (B ± n ) to are averaged, giving rise to the effective symmetric-top rotational constant (A 0 + B 0 )/2 = 6489.864 MHz, see line 5 in Table 2 .
Analogously, we assume that the pseudorotation interconverts the Twist structure only over its ten equivalent but distinct T ± n forms, thereby averaging the A 0 (T ± n ) and B 0 (T ± n ) rotational constants to the Twist effective symmetric-top constant (A 0 + B 0 )/2 = 6490.11 MHz (see Table 2 ). Note that the pseudorotationally averaged (A 0 +B 0 )/2 constants of the Bent and Twist forms at this point are still distinct, reflecting the different equilibrium geometries of the two distinct stationary points.
However, their rotation-vibration and pseudovibrationally averaged rotational constants differ by only 0.250 MHz or 0.004 %.
In the third step, we discuss why the Bent and Twist can be averaged. As discussed above the pseudorotation can be transformed from eqn. (1) to mass-weighted coordinates and then to polar coordinates R, ϕ, allowing to express the two-dimensional vibrational wave function as a product of radial and angular functions, Ψ(ρ, ϕ) = R(ρ) · Φ(ϕ). 4, 5 Since the V 10 barrier between the Bent and Twist conformers is substantially lower than the l = 0 pseudorotational level the pseudorotational eigenfunctions are one-dimensional free-rotor functions, see Figure 2 :
Eqn We now determine the equilibrium (r e ) C-C bond lengths using semi-experimental methods 36,46-49 and a basis-set extrapolation technique that we have introduced previously. 29, 30, 33, 34 We apply this technique to the determination of the C-C bond distances, using (B e , r e ) and (B 0 , r e ) points calculated with the CCSD(T) method and the cc-pVXZ, (X = D,T) basis sets. Figure 8 plots (1) In the Bent and Twist conformers, the longest, the middle and the shortest C-C bonds exhibit similar lengths, differing by 0.005 Å at most.
(2) In the Bent structure, the C1-C2/C1-C5 pair constitute the shortest bonds (1.528 Å), while the same two bonds in the Twist structure are the longest (1.547 Å). One should not take points (2) and (4) to mean that the C-C bond lengths undergo bond length changes of up to 0.025 Å during a single step of the pseudorotation. When analyzing the individual pseudorotation steps and accounting for the label permutations of the C atoms, as shown in Figure 9 , one sees that the bond length change per step is less than half that value. Figure 9 shows the first four steps of the pseudorotation in the sequence defined in Figure 2 ; note that in each step the C1 atom label rotates counter-clockwise by two C-atoms. During the first step B 
Conclusions
Femtosecond rotational Raman rotational coherence spectroscopy was performed on cyclopentane cooled in a seeded supersonic jet to T ∼ 90 K and in a gas cell at T = 293 K. The former allowed to record rotational coherence transients over delay times up to ∼ 4 ns. The small signal decrease over such a long delay time shows that collisional dephasing is strongly reduced in the supersonic jet, in strong contrast to gas cell experiments. 32, 33 The supersonic cooling to T ∼ 90 K allows to determine the ground-state rotational constant as B 0 = 6484.93 ± 0.01 MHz (±1σ error estimate), corresponding to a relative accuracy of 2 · 10 −6 .
Our B 0 is 0.15% larger and about 300 times more accurate than the B 0 = 6475(±3) MHz measured by Tanner and Weber by high-resolution cw rotational Raman spectroscopy in 1963. 10 The small difference of 0.15 % between the two values might reflect temperature and pressure broadening effects (p = 1 atmosphere and T ∼ 328 K) in the gas-cell experiment of reference 10, and attests to the high quality of the previous measurements.
Although the CCSD(T)/cc-pVTZ calculations predict that the interaction of the external molecular rotation of cyclopentane with its soft pseudorotational motion is large, resulting in a large vibration-rotation interaction constant α B e,ps = 0.5 − 0.9 MHz, the fit to the RCS measurement showed this parameter to be ∼ 1000 times smaller than calculated, i.e., −0.00070 MHz. Based on the accurate B 0 , the gas-cell data could also be fitted to yield the vibration-rotation interaction constant α B 23 = −9.54 MHz of the "radial" vibration ν 23 . This value is 13000 times larger than α B ps .
The centrifugal distortion parameters D J and D JK were also measured, they agree with the Figure 6 : Continuation of Figure 5 over the range of 2618-3976 ps . Figure 2 . The "long" C-C bonds are color-coded in red, the "medium" C-C bonds in green and the "short" C-C bands in blue. The bond length expansions or contractions that occur on going from a given structure to the next are coded by double-headed arrows at the periphery of the C-C bonds. 
